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-' DEFORMATION, FRACTURE AND EXPLOSIVE PROPERTIES

OF REACTIVE MATERIALS

1. INTRODUCTION

In this annual report, we describe four areas of work completed during

the grant period. This research has recently been prepared for publication

and the full texts of the papers are given.

1.1 Drop-weight impact studies

These have been made using the facilities developed in early work and

described by Heavens and Field (1974). Figure 1, of the first paper,

illustrates our transparent anvil drop-weight apparatus which allows us to

photograph events at microsecond framing rates. Figure 2 is an

instrumented drop-weight machine which allows us to record pressure-time

curves.

In the grant period, we have made a detailed study of hexanitrostilbene

(HNS) and have compared its behaviour with a range of other explosives.

The photographic sequences show that upon impact the layer of explosive

undergoes bulk plastic flow at speeds of over 250 m s-1. Initiation occurs

after this catastrophic failure. From a comparison of melting points,

uniaxial yield stress values, flow properties and the ignition

characteristics of several organic secondary explosives, it appears that

explosives with high strength values are more likely to exhibit both a

rapid mechanical failure and resultant ignition during impact. The results

emphasize the important relation between mechanical properties and ignition "

I characteristics.

1.2 High strain rate properties of explosives

This second paper was presented at the Second International Conference
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on "The Mechanical Properties of Materials at High Rates of Strain", held

at Oxford, U.K. in April 1984. The paper describes our experimental

facilities which include: (a) drop-weight machines; (b) a technique which

uses the so-called "Brazilian" test geometry and laser speckle photograph.

for measurements of the tensile strengths and rupture strains of PBX

explosives; and (c) a miniaturised and modified Hopkinson bar apparatu:;

which allows us to record the stress strain curves of explosives at strain

rates up to 105 s- 1. Results are given in this paper for various A.W.R.E.

Aldermaston PBX compositions. Recently we have started research on U.S.

compositions supplied by Los Alamos.

1.3 Thermal, fracture and laser-induced decomposition of PETN

This project which involved a detailed mass spectrometry study was

started a few years ago, but has recently been completed and prepared for

publication. It describes the different reaction pathways following slow

heating, fracture and laser-irradiation of PETN.

1.4 The deformation stress of highly brittle explosive crystals from real

contact area measurements

An experimental study is described in which the deformation stress of

mm. size highly brittle as-grown single crystals of explosive materials has

been determined using a novel experimental technique. The technique

Involved the loading of the test crystal against a transparent glass plate

with in situ measurements of the real area of contact under load using an

optical microscope. For all explosive crystals the deformation stress was

found to increase with load reaching a plateau at higher loads. The

maximum deformation stress of a crystal was found to be considerably lower

than its Vickers diamond hardness value. A discussion on the determination

of the uni-axial yield stress of small particles is given.
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2. IMPACT INITIATION OF HEXANITROSTILBENE

V. Krishna Mohan and J.E. Field

ABSTRACT

A study has been made of the initiation of hexanitrostilbene (HNS)

under impact using high-speed photography at microsecond framing rates.

The photographic sequences show that upon impact the layer of explosive

undergoes bulk plastic flow at speeds of over 250 m s-1. Initiation occurs

after this catastropic failure of the explosive due to the fact that the

adiabatic heating produced by plastic deformation is extremely localized in

nature. From a comparison of the melting points, uniaxial yield stress

values, flow properties and the ignition characteristics for several

organic secondary explosives, it appears that explosives with high strength

values are more likely to exhibit both a rapid mechanical failure and

resultant ignition during impact. Addition of polycarbonate (PC) has been

found to sensitize the explosive. Strain-gauge measurements of impact of

pure HNS and HNS/PC samples have shown that a sudden pressure drop occurs

before Ignition due to rapid failure of the test material, the latter being

in agreement with the photographic observations.
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I. INTRODUCTION

Hexanitrostilbene (HNS) is a secondary explosive which is used in many

applications because of its relative stability at elevated temperatures.

Of major concern to explosive formulators is the possibility of accidental

initiation during manufacture, transport or usage. One of the standard

methods adopted to assess the hazards associated with an explosive is the

fall-hammer test in which a sample (typically 20 - 50 mg) is subjected to

impact with a falling weight. Repeated series of these tests give some idea

about the impact energy necessary to ignite the sample. The results of

these tests are usually expressed in terms of H50 , where H5 0 refers to the

height from which the weight would ignite 50% of a series of samples.

Although the test has been used for many decades, it is only recently that a

systematic attempt has been made to photograph the sample during its

deformation 11-3]. A combination of high-speed photographic and

pressure-measuring techniques helped establish the physical processes

occurring during ignition and propagation.

The high-speed photographic studies pioneered by Heavens and Field [1]

have been useful in identifying the various mechanisms responsible for the

formation of initiation sites. In general it is thought that the initiation

of explosion by mechanical shock is thermal in origin. On the basis of

localized thermal energy or 'hot-spots' as the source of explosion, four

possible mechanisms for ignition by impact can be envisaged:

(i) adiabatic compression of trapped gas spaces [4,5]

(ii) viscous heating of material rapidly extruded between the impacting

surfaces or grains [6,7]

(iii) friction between the impacting surfaces, the explosive crystals

and/or grit particles in the explosive layer [8,9]

(iv) localized adiabatic shear of the material during mechanical failure

[3, 10 - 12]

The references cited above for the various initiation mechanisms are not
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exhaustive; a complete list is given in reference 3. Field et al [3] have

shown that no one mechanism is the dominant means of ignition and that only

very slight changes in the conditions of an experiment can lead to

'hot-spots' being formed by different processes.

The high-speed camera work of Heavens and Field [1] revealed that

various phenomena may be involved when a thin layer of material is impacted,

including plastic flow, jetting, shear banding and even melting. Ignition

occurred at a few 'hot-spots' following severe deformation of the sample.

Strain-gauge measurements showed that if a sample failed by plastic flow, a

sharp pressure drop occurred of a few hundred MPa. It was after the

pressure drop that ignition took place. Of the several explosives examined

by these authors, only pentaerythritol tetranitrate (PETN),

cyclotrimethylene trinitramine (RDX) and cyclotetramethylene tetranitramine

(HMX) exhibited such large pressure drops and ignited after the pressure

drop while other explosives such as tetryl and picric acid gave rise to a

series of pressure fluctuations to which ignition was not linked. Recent

photographic studies on the impact ignition of tetryl indicated that it has

comparatively little tendency to flow under impact; the explosion was

quite localized at the various ignition sites close to the periphery of the

sample and did not propagate into the bulk of the sample E13].

It is clear from the above discussion that there are differences in the

mode of ignition for different explosives and it is, therefore, worthwhile

to widen the data base by examination of further explosive materials. With

this objective in view, the impact behaviour of HNS is investigated in the

present work using both photographic and pressure-measuring techniques.

2. EXPERIMENTAL

High-speed photographic observation of the behaviour of a thin layer or

explosive was carried out using toughened glass anvils, allowing the impact

process to be viewed in transmitted light. An A.W.R.E. designed C4

rotating-mirror camera at framing intervals of ca. 7.0 us was used to

A1



6

photograph the event. Figure 1 shows the experimental arrangement of the

impact set-up; details of the apparatus are given in -eference 1. In this

work, all experiments were made on 25 mg of HNS in crystalline form

(particle size 50 - 150 Um), which was impacted by a 5.5 kg weight falling

from a height of 1 m. A few trials were carried out by adding polycarbonate

(PC) to the explosive.

Experiments were also performed on an instrumented drop-weight machine

similar to that described by Heavens and Field [1] (see Figure 2). The

apparatus was connected to a self contained data recording system. This

comprised a Data Laboratories D1922 transient recorder, a Tektronix

double-beam oscilloscope, and a paper tape punch. With this system,

analogue signals from the drop-weight apparatus are digitised in real time

and retained in memory so that the signals may be subsequently photographed

on the oscilloscope and transferred to the paper tape for data analysis.

The data was analysed on a HP9825 calculator by using a program based on the

method of analysis outlined in references 1 and 10.

3. RESULTS AND DISCUSSION

Photographic observation of the impact.

A sequence illustrating the behaviour of HNS under impact is given in

Fig. 3. Frame (a) corresponds to the initial instant of impact while frames

(b) and (c) respresent the sample after 315 and 434 Us respectively. During

the early stages the thin explosive layer is compacted into the form of a

pellet. By frame (d) the layer starts to deform plastically and from this

stage onwards the flow of material is extremely rapid, attaining speeds of

over 250 m s- 1. It appears that the explosive, initially opaque, becomes

translucent as it undergoes severe plastic deformation presumably due to

fusion of particles under impact pressure. Ignition occurs after ca. 450 u;

at the periphery of the expanding layer and subsequently propagates int(

the bulk of the sample. The later frames, (f) to (i) show that the central'

portion which is translucent in frame (e) gradually becomes opaque as the
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3. HIGH1 STRA114 lATL MR !JLUF LJS OF EXPLOSIVE~S

J.E. Field, 0.!]. Swallowe, P.11. Pope and S.J.P. Palmer

Cavendish Laboratory, Madingloy Road, Cambridge Ci33 0IHE

Abntract. I.xperimcnts are described on the deformation anid iunltion
E;01avio1ur of' a range or explosives, Including some pc'lymor baticd
explonives (PM.'s). An instrumented drop-weight apparatun wart itnd to
obtain stress-strain curves for strain rates In the ringe 10'2 to ,~ s
A novel drop-weight apparatus with transparent anvils allicM:ri Idhgh-speeei
phl oograp)hi c recording of the impact and igi tion pvoca~ses. I.An or
spieckle, used In conjunctiomn with a specimen loaded In the Brazilian~

test geometry gave tensile str-ength and strain to failure d'iaa of PI3X'm.
Finally, it rodified Hlopkinson bar apparatus gave data at strain r'ates up
to 5 x 104 5-1.

I ylltroouc't lot)

It is Fenerally i-oo,!pted that explosiJve initiation Is therimal 11n Origin. Jn
proce.3ses In-volvinp impact or shock, the mechanical energy in env-issagcd n3
being converted JntiU heat In localized regions called "lhot spots" (BJowdenm
and Yoffe 1952,195&) Lhe required "hot spot" radius for, Jgniktioii Is a
functio~n or the explosive, the temperature arid its duration: (Ridepl. ond
IkobertLson, 1948). For pentaerythri tol tetrani trl'tc (PETW), the calculr.Lfed
"hot spot" terinpratture for a time of 1 uis and radius 1 uzn is ca. 700' K.
Experimental work by Bowden anid Gurton (191 9a,b) largel~y eotifirmed thcno
figures and shoved that "hot spot" radii are typically 0.1 to 10 Jimt ['or,
Initiation by friction or Impact. In a recent paper (Fiel~d et al, 1981) %ie
have discussed the Ignition mechanisms of explosives during moechanical
def'ormation. Evidence was given for ignition by adiabat-io hiating of'
trapped gas, ndiabitic shear of the explosive, friction, viscous fMow,
fracture or shear of added particles and tribolurinescent dischargc.

A feature of our work on the relation between mechanical properties alid
explosive behaviour has been the use of high-apeed photog~raphy. ihn
advantag'e of the phiotoGr~aphic evidence Is that it has allowed us to identify
the condition:3 'indr which the various ignition mechaniSM3 operate durinig
deformnation or an ",pjosive.

In frr'ny modern anpl ieatioris. e/plosive crystals -re bondedI Iiio a polymonr
matrix (ocd dPIJX explosiives). It is imnportt, witih such nytmm~to
%ofleri'te;W( thme fa*ctors,, whicoh atffect their mecmanl a 1 arid thorm'ri.
propert I(-v, * -vir nens itiv01Wcf (rtsponno to a preseri bed st iintil u, o nd
ti~elr cx, riv*;s(oy>plor i e i'esponrn. ). Thcre Is usuailly a con!'14o
t ir.'srrn tLhQ-%( ;r~ ~u - ( 1e u 1'#?! n nt. : ;Irld III Opt IMI Wh1s to I)(; r~. i:

pm~~l.pap-'r 'JInr;ri bc.:; renultn, on pure ue.plosivyes, .J]o;j,';%:ii
a(Idi t I v-r, ild S crne ['IX 0;:ploS I ye bas''d on cyc] o ,dadby .
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FIGURE LEGENDS

Figure 1 Experimental arrangement at instant of impact. W, drop

weight; G, glass blocks; M, mirror; S, sample. The upper

glass block G is attached to the drop weight.

Figure 2 Experimental arrangement for obtaining pressure-time curves.

W, drop-weight; H, R12, R2, R3 hard steel rollers;

C, cylindrical guiding sleeve; S, sample; G, strain gauge;

A, cast steel anvil.

Figure 3 Impact on a layer of granular HNS. The sample becomes

translucent [frame (d)] and starts to undergo plastic

flow [frame (e)]. Ignition occurs in frame (f) at the

periphery (see arrows). From frame (g) onwards fast reaction

is taking place in the bright areas indicated by the arrows

(see frame h).Frame tim-!us : (a) 0; (b) 315;

(c) 434; (d) 441; (e) 448; (f) 455; (g) 490; (h) 518

(i) 560.

Figure 4 Photograph of the toughened glass anvils after the impact

test with (a) pure explosive (unreacted material indicated

by an arrow) and (b) explosive/PC sample.

Figure 5 Radius of a layer of HNS during impact showing evidence

of plastic flow.

Figure 6 Stress time curves for impact of (a) HNS and (b) HNS/PC.

Mass of hammer 5 kg; drop height 1 m. The initially

lower trace records the instant of ignition by monitoring

the change in electrical resistance of the sample. The

trace, labelled S, is the stress-time curve.

Figure 7 Pressure-time curves for impact of (a) HNS and (b) HNS/PC.
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TABLE 2

Strength properties and impact behaviour

of various materials.

Compound Melting Yield H5 0/m Observations in impact apparatus

point/K stress/MPa Rapid flow Ignition

TNT 35 4a 34b  1.48c Nod No

Picric acid 395 52 0.73 No No

Tetryl 404 53 0.37 No Yese

PETN 414 60 0.13 Yes Yes

RDX 4714 82 0.28 Yes Yesf

Ammoni um

perchlorate >493 .... Yes Yes

HMX 553 125 0.32 Yes Yes

HNS 588 - 140 0.54 Yes Yes

Potassium

nitrate >660 .... Yes --

a. Values taken from Lawrence Livermore National Laboratory

Explosives Handbook, UCRL-52997 (1981).

b. All the yield stress values from ref. [10].

except for HNS which has been estimated using equation (3).

c. Drop-weight 2.5 kg; sand paper surface. Data from reference

given above in "a".

d. The experimental observations for all compounds excluding

tetryl and HNS are from ref. [1].

e. Reaction fails to propagate.

f. Ignition with large masses (100 mg) only.

2~
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TABLE 1

Infra-red absorption frequencies and

corresponding assignments for Hexanitrostilbene

Frequency/cm - 1  Assignments

725 (3) Aryl-CH-CH-Aryl out of plane deformation.

740 (s) NO2 out of plane deformation; inconsistent

band, limited value.

810 (s) Aromatic (Ar)C-H out of plane deformation.

825 (s) C-N Vibration; limited value.

920 (s) Ar C-H out of plane deformation.

940 (s)

955 (s) Aryl-CH-CH-Aryl out of plane deformation.

1080 (m) Ar C-H in plane deformation.

1340 (s) Symmetric NO2 stretching.

1460 (b) Ar C-C in plane deformation.

1535 (s) Asymmetric NO2 stretching.

1600 (s) Ar C-C in plane deformation.

1620 (m) Ar C-C stretching.

3100 (s) - C-H streching.

Letters in parenthesis refer to the intensity of the band: s, sharp; .

m, medium; b, broad.

S i
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explosives which possess high strength are more susceptible to catastropic

failure and ignition during impact. This helps explain the behaviour of

different materials in the drop-weight test and has important practical

consequences for explosive formulations.
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cubic metals and semiconductors shows a qualitative correlation between

these two quantities [17]. These facts suggest a link between the elastic

moduli of a material, whose magnitude is to a large extent determined by the

strength of the inter-atomic (or molecular) bonding forces, and the melting

temperature which is another, albeit indirect, measure of such forces.

Equation (3) is not valid in the case of secondary explosives because the

units of crystal structures in such compounds are comprised of complex

molecules, which, in turn, exhibit a vibrational complexity. However, for

such secondaries, the uniaxial yield stress, which is another indicator of

the mechanical strength of a solid is found to increase with the melting

temperature of the explosive [10](see Table 2). A similar trend is noticed

in the hardness data for some of these explosives. For example, the Vickers

hardness values, in units of kg/mm2 , for PETN, on its cleavage plane (110),

RDX, on the (210) growth surface, and B-HMX, on its cleavage plane {011},

are 17.9 (ref. 18), 35.2 (average of values given in ref. 19) and 40.3 (ref.

20), respectively, while the corresponding melting points are 414, 474 and

533 K. The hardness value for HNS is not known but it is reasonable to

expect that it will be high. Young's modulus, uniaxial yield stress and

Vickers hardness are related to each other by different expressions, see

for example ref. [20]. Table 2 also gives the yield stress values and the

impact characteristics such as flow properties and initiation of fast

reaction for a number of explosives and also for potassium nitrate (which is

a non-explosive compound). These data suggest that the strength of a

compound in the drop-weight test is a key factor in determining the impact -,

behaviour. If the strength is low, then deformation starts at a low stress

and flow proceeds at moderate velocities. On the other if it is high, the

onset of deformation is delayed but then develops catastrophically.

Examples of flow at many hundreds of m s- 1 have been recorded in our work.

Two important factors in the generation of 'hot-spots' are the rate of

deformation and the resistance to this deformation. Thus it appears that
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prerequisite for ignition is in agreement with those of Kholevo [15],

Afanasev and Bobolev [10] and Heavens and Field [1]. As mentioned earlier

the failure of the sample is rapid in nature.

Strength and sensitivity relation

A comparison of the flow properties for several explosives based on the

results of Heavens and Field [1] and our work on HNS and tetryl [13]

suggests that among organic secondary explosives, those with a high melting

point normally exhibit a greater tendency to flow rapidly under impact.

I Thus trinitrotoluene (TNT), picric acid, and tetryl with melting points in

the range 353-404 K show only minor deformation upon impact while

explosives with high melting points such as RDX and HMX undergo bulk plastic

0 flow in the glass impact apparatus. HNS is a high melting compound (melting

temperature 588 K) therefore, the extensive flow seen in impact tests

appears in line with previous results. The borderline for rapid flow in

this equipment appears to lie between tetryl and PETN. The only other

explosive studied which melts throughout the bulk is RDX, but then only

between steel anvils [1,3].

For ionic solids with a simple cubic structure a semi-empirical

relation, based on the Lindemann theory of vibrational instability of

crystal lattices, can be derived between the melting temperature T and the

* Young's modulus E

,-."

T - E M (3)*2p R

* where p is the density of the solid in kg/m 3, m is the molar mass in kg and

R is the gas constant in J/mol/K [16]. The vibration-amplitude xo when

r melting occurs is related to the atomic (or molecular) spacing, a, by

xo - $a with 0 < B < I. Although equation (3) is based on a crude model, it

* has yielded good agreement between the calculated and the observed melting

* points for several materials. Also, a plot of E versus T for a number of
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impact apparatus, the reaction always proceeds to completion in this test.

This is because the modulus and hardness of the steel used are greater than

that of toughened glass. With HNS/PC two small incremental drops were

recorded soon after impact and are attributed to the rapid deformation of

the polymer.

The impact presure, P, is given by the relation

P = (1)

where the constant a is the gauge calibration factor and U is the voltage

signal from the gauge. The gauge was calibrated statically using an Instron

machine and the calibration factor was found to be 0.043 GPa/mV. The

pressure-time curves obtained using equation (1) are presented in Fig. 7.

At first the sample is compressed and compacted. Eventually the strength of

the layer is exceeded and the material deforms plastically. In the

drop-weight test the average pressure for yield, Pult, is higher than the

unlaxial yield stress of the material Oy. This is due to the constrailing

effect of the anvils. Application of the Mises yield criterion to a thin

layer of thickness h and diameter d between two rigid cylindrical punches

gives the following hyperbolic ixpression [14].

Pult = Oy[l + (d/31/3 h)] (2)

Note that, the smaller the thickness, or greater the diameter, the higher

the value of Pult. From Fig. 7 it can be seen that Pult value for HNS under

the test conditions is 760 MPa. For HNS/PC two pressure drops are recorded;

the lower values for the explosive/polymer sample suggesting that they

4 correspond to the failure of PC. Using equation (2), an approximate value

for the yield stress of HNS can be estimated. 0y is thus found to be 140

MPa.

For HNS both the impact photographs and the stress-time curves show

that there is a close relation between the mechanical failure of the layer -1
and the instant of ignition; the ignition always occurring either during or

after the failure. Our observation that rapid deformation is a necessary
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under impact is 'partial'. Swallowe and Field [2] have examined in detail

the effect of a riumber of polymers on the H50 values of the secondary

explosives, PETN and HMX. These aut'-rs found that some relatively soft,

low-melting polymers such as PC and polysulphone (PSu) can also sensitize

explosives. These polymers fail catastrophically either by fracture or

localized adiabatic shear and have a low specific heat, latent heat and

thermal conductivity. The temperature of the 'hot'spots' in such polymers,

produced during rapid deformation, can greatly exceed the polymer's

softening point. Neither the size of the grit nor the percentage content in

the explosive/grit mixture were seen to influence the extent of

sensitization. For HMX, addition of PC reduced the H50 values from 29.0 ±

2.0 cm (for the pure compound) to 16.0 ± 1.5 cm [2]. The sensitization is

due to 'hot spots' generated by non-homogeneous energy dissipation either

in adiabatic shear bands or at crack tips in the polymer. In the current

work the effect of PC on the impact initiation of HNS was investigated. In

three trials with HNS/PC samples between glass anvils, explosion always

" propagated to completion with no explosive remaining on the anvils. The

bottom anvil from one such trial is shown in Fig. 4(b). In the steel impact

apparatus, the H50 value of the pure explosive decreased from 0.68 ± 0.02 m

to 0.40 ± 0.03 m in the presence of the polymer.

Impact behaviour in the drop-weight test

The stress-time curves for pure HNS and HNS/PC were obtained using an

instrumented drop-weight machine with steel anvils and are presented in

* Fig. 6(a) and (b) respectively. The trace (marked S) represents the

stress-time relation recorded by the strain gauge during impact and the

lower trace detects the instant of ignition by recording a jump in the

" electrical conductivity of the material between the anvils. For the pure

explosive, the prominent feature of Fig. 6 (a) is a sharp break in the

stress-time curve associated with ignition following mechanical failure of

the sample. Contrary to the 'partial' natre of reaction in the glass
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explosion propagates further. The transition from a translucent to an

opaque layer is thought to be due to the fact that the gaseous explosion

products separate the impacting anvils slightly and reduce the impact

pressure. The photographs also show that the fast reaction does not

propagate into the centre of the sample. In fact, examination of the bottom

anvil after the test indicates that a certain amount of explosive remains

behind. The anvil is shown in Fig. 4(a). In order to ascertain that the

residue is unreacted explosive rather than partially decomposed material,

its infra-red spectrum was taken in Nujol and compared with that of pure

HNS. The two spectra were found to be indentical thus confirming that the

material on the anvil was unreacted HNS. The principal infra-red

absorption frequencies and the respective assignments are listed in Table

1.

The photographic work described above establishes that the mechanical

response of a thin layer of HNS to impact is characterized by a large scale

deformation process prior to initiation of explosion. As mentioned in the

Introduction, similar processes are also observed in PETN, RDX and HMX.

With PETN, the material becomes translucent and finally completely

transparent with rapid flow (300 m s- I) which was attributed to melting [1].

With HNS too, high flow speeds were recorded. A graphical illustration of

*O the effect of mechanical failure of the sample on its flow is provided by

Fig. 5 in which the radius of the explosive is plotted as a function of time

for the sequence of Fig. 3. During the early stages of compression up to

* 100 us the material spreads uniformly at 10 m s-1 and then the bulk of it

ceases to flow till ca. 430 us. Next there is a suddent increase in the

rate of flow from zero to over 250 m s- 1. During the flow the layer takes

* gan elliptical shape and the 'radius' now refers to the major axis of the

ellipse. Initiation of explosion occurs only after this rapid plastic

flow.

As evident from impact photographs and Fig. 4(a), explosion of HNS
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2. Experimental

Experiments have been carried out using the drop-weight machines
illustrated in figures 1 and 2. The samples used are 5 to 7mm in diameter
and 1mm high allowing strain rates of 102 to 103 s - 1 to be obtained,
depending on the drop-height of the weight. In both machines the weight is
guided by three cylindrical rods. Figure 1 illustrates the system which is
used to obtain stress-strain cu,-ves. Strain gauges attached to r, allow the
force-time history to be monitored. The area of deforming sample is
determined by r 2 and r 3 and the sample size is chosen to be, initially,
slightly greater than this area. The sample area under load is thus
constant and the need for assumptio,is about volume conservation, which are
not always valid for, polymers or porous materials, is eliminated.
Knowledge of the mass of the weight combined with a double integration of
the force-time data produces force-displacement information which is then
converted to a stress-strain curve. The system illustrated in figure 2 is
unusual in that the anvils are made of toughened glass and a light path
through the system allows the sample to be photographed by a high speed

camera at framing rates up to 2 x 105 f.p.s. during the course of the
impact. The sample strain-rates in both machines are the same so that

i direct comparisons between the photographic records and the stress-strain
data can be carried out.

The third system used in this research was a miniaturised and modified
* Hopkinson bar apparatus (as described by Gorham, 1979). This enabled

measurements to be made, and stress-strain curves determined, at strain
rates up to 5 x 104 5

-
1. The samples used in these experiments are mm

1 diameter and 1mm thick, and the pressure bar has a diameter of 3mm.

LIGHT------------

3aft

" ANV11 p ".......TO CAMERA

I ANYA P1
Fig. I Instrumented drop-weight: Fig. 2 Experimental arrangement at
W, drop-weight; H, rl, r2, r3, instant of impact: W, drop-weight
hardened steel rollers. The sample (5.5 kg); G, glass blocks; M, mirror
is between rollers r2 and r3. P, prism; S, sample,

I
Finally, the tensile strengths and rupture strains of a variety of PBX
compositions were studied, at strain rates of ca. 10- 4 s - 1 , using the
'Brazilian' test geometry and laser speckle photography. The Brazilian
test is illustrated in figure 3. The compression induces tensile stresses
normal to the loading axis which are sensibly constant over a region about

* the centre of' the specimen. The tensile strength of the, material is then
calculated from

ot  2P/,rDt 1

. In which P in the failure load, D and t the diancter and thicknors of th',
specimen rerpectIvely. The validity of equation 1 is based on the

* asumptions that failure occurs at the point of maximum tensile stress
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(i.e , at the centre), and that the compressive stress has no influence on
the failure (Fairhurst, 196h). In practice, the us;e of plane anvils can

produce very high contact stresses at the loading points, and lead to tLhe
collapse of the contact edge. Awaji and Sata (1979) have shown that by
using curved nnvjs, collapse of the edge can be avoided, and shear stresses"-"-

under the points of loading may be substantially reduced. It has been shown
by Awaji and Sata that if the ratio of the contact half-width, b, to the
disc radius, R, is Qlrfger than approximately 0.27, the maximum principle
stresses near the contact area are compressive. Then the stresses near the

centre of the disc eontrol the fracture, and cracking occurs at the centre,
at a maximun tensile stress given by

o1= { "- /R)2 } 1 t .. .. 2-

The use of strain-gaupes to measure the tensile strain to failure of the PBX

compositions have several disadvantages. These materials are relatively

soft and the ,iug e may reinforce the material at the point where the strain

is to be measured. Furthermore, once installed, it can only provide
information at one point. An alternative approach is to use a, optical

technique which measures in-plane surface displacements. Laser speckle
photography is a simple remote-sensing technique, in which in-plane
displacements can be determined, with a high sensitivity Chiang (1982). V,
For displacement and strain measurements, a double exposure is
photographically recorded before and after deformation. The negative then

consists of two identical speckle patterns that have been translated with
respect to each other. Displacement information can be extracted in a
point-wise manner, by allowing an unexpanded laser beam to pass through the
negative. If at the point illuminated by the beam, the 'speckles' have been
displaced between exposures, the resulting displacment vector is manifested
by a Young's fringe pattern observed on a screen placed at the far-field

Fraunhofer diffraction plane. The displacement vector is perpendicular to
the fringe orientation and the magnitude inversl,, proportional to the
fringe spacing. Figure 4 shows a speckle pattern being processed.

Fig. 3 Loading arragement used in laser, L, passes through the speckle

Brazilian test. pattern, P, and forms a Young's
fringe pattern at the screen S.

3. Results

3.1 Pure Explosive

F i gure 5 shows an I mpoet on PEIN t aken us i ng the sys trm or figure 2 . At

firsi the ca;:p," i' s . .prc sed and c :pacted, ;PnO its radial -,x i:.i is ..

a similar velocity to that of impact (i.e. a few m s-1). This stage is not

illustrated. Eventually the strength of the layer is exceeded and tire

:Li~
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layer also goes transparent, but this is not due to fusion but to sintering
of particles. Evidence for this is that a similar transparency can be

achieved in AP by static loading, the transparency during impact occurs
before the plastic flow and is partially lost during the plastic
deformation stage, and that once Ignition occurs fractures can be detected
In the material ahead of the burning front (see figure 4, Heavens and Field
1974). The observation that rapid deformation is a necessary prerequisite
for ignition supports the many observations of Kholevo (1946) and Afanas'ev

and Bobolev (1971) that the prevention of flow in an explosive sample makes
the sample less sensitive. Further support for this view is provided by the
stress-time traces obtained with the instrumented drop-weight machine.
Results for impacts on a wide range-of explosive and inert layers have been I
presented before (Heavens and Field 1974). A typical result is reproduced
in figure 6. The upper trace represents the stress-time relation recorded

by the gauges during an impact on a layer of RDX, and the lower trace
detects the instant of explosion by recording the light output with a
photocell. This result shows clearly the very close relation between
mechanical failure of the layer and the instant of ignition, the ignition
always occurring during or after the failure.

TABLE I

Compound Melting Yield H5 0/m Rapid Ignition
point/K stress/MPa flow

TNT 354 34a 1.48b Noe No
Picric acid 395 52 0.73 No No
Tetryl 404 53 0.37 No Yesd

Nitrocellulose 408 - " 0.50 No Yesd
PETN 414 60 0.13 Yes Yes
RDX 474 82 0.28 Yes Yes
AP >493 - - Yes Yes

HHX 553 125 0.32 Yes Yes
HNS 588 -140 0.54 Yes Yes

a. All the yield stress values have been taken from Afanas'ev and Bobolev
(1971) except for HNS (estimated by Krishna Mohan and Field (1984).

b. Data from Lawrence Livermore Explosives Handbook, UCRL-52997 (1981).
C. The experimental observations for all compounds excluding tetryl and HNS

are from Heavens and Field (1974).
d. Reaction fails to propagate.

. Recently we have shown that the higher the yield stress of a pure explosive
the higher its plastic flow velocity in the drop-weight test. Thus although

0 with a strong sample the onset of irreversible deformation is delayed it
eventually develops more rapidly when the stored energy is released. This
means that the likelihood of ignition during the conversion of mechanical
energy is greater. Table I illustrates these results and explains why a
relatively soft, low melting point explosive, such as trinitrotoluene (TNT)
does not ignite so readily in the drop-weight test. A fuller discussion can
be found in Krishna Mohan and Field (1984).

3.2 Explosives with Polymer Additives

* Certain polymers, when mixed with explosives, cause them to have a higher
sensitiveness to impact (Swallowe and Field 1981, 1982). The evidence
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suggests it is not due to chemical effects but is relatd to the polymers
thermal properties and mode of deformation which both affect the 'hot-spot,
formation. Polymers that sensitize are those that are relatively tough,
but that when they fail do so catastrophically with the energy dissipation
either in adiabatic shear bands or at crack tips. Such polymers include
polycarbonate (PC), polysulphone (PS) and polyester (PE). These materials
all have low thermal conductivities and latent heats of fusion which allow
'hot-spot' temperatures to reach much greater values than that of the
softening point. Conversely, polymers such as polypropylene (PP), which

*deform in a bulk fashion and which have relatively high conductivities and
latent heats have 'hot-spot' temperatures 'quenched' to the melting-point
value. Figure 7 il]ustrates the different deformation modes of PP and PC
during impact in the drop-weight machine. Figure 8 illustrates their
stress/strain curves, found using the apparatus shown in figure 1. The
almost vertical drop in the curve for PC is due to the catastrophic failure
illustrated in figure 7b.

O0MPa / "

O0 too

PCll ....... -"

.1 2 3
Strain0 12

Strain

Fig. 8 Stress-strain curves for Fig. 9 Stress-strain curves for
samples of PP and PC. Catastrophic compositions A, B, C, D, at a strain
failure of the PC sample occurs at a rate of 2.5 x 104 s- .

strain of ca. 1.8.

3.3 PBX's

Table 2 gives information on the PBX's studied. They were all based on HMX
. but with three different binder polymers. The amount of binder and the

crystal size distributions of the HMX were varied. Included in Table 2 are
the results on the strain to failure and the failure stress obtained using
the speckle technique. Various general points can be made (i) micronized
samples are stronger (ii) the more the polymer the greater the strain to
failure (Iii) PE gives the most brittle behaviour (lowest strain to

Sfailure) followed by Viton and PU. Ov) composition C had the highest
combination uf strength and strain to failure. Figure 9 and Table 3
summarize results on the PU -compositions from the high rate of strain
experiments (c = 2.5 x 104 s-1). Note that the sample with micronized 11MX

[ exhibit the highest dynamic strengths, with C again proving the strongest.
Table 3 also contains F of I and labset figures. The micronized samples

* (A,C) had smaller labset (explosiveness) values. This was also found with
the other binder materials. Figures 10 and 11 show photographic records of
impacts on compositions B and C. The micronized PBX (composition C) burns
smoothly and rapidly but leaves a large amount of residue. The sample of
composition B shown extensive break up. The production of large internal
surfaces and the rapid penetration of burning into them leads to a more
violent and complete explosion (less residue in these tests). This
probably vxplairns the higher labset value.
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TAHLE 2 p-

Code Binder % binder IIMX % strain to Failure stress/
by wei ght failure MPa. b/1 = 0.27

A 2 M 0.95 1.38
B Pol yurethane 2 A/M 0.5(1 1.22

C (PU) 5 M 0.98 3.20

D 5 A/M 1.211 0.99

E 2 M ca. 0.06 3.11
F Polyethylene 2 A/ 0.09 0.67
G (PE) 5 M internal shear -

If 5 A/M 0.18 0.56

I M 0.24 1.89

J Viton i A/M 0.32 1.14
K 9 M 0.31 1.99
L 9 A/M 0.41 0.89

_M 1. Micronized (to as 53 iim sieie)

A. £i:. r-- -r - - - ' d:u-nre ,? r ca. 400 j,. A/,M. R.-itio (C /35.

fl4.ZI.

Fi .. 10 I rap; L ,,,ct !le of
_ composition C. The !,nmple uri(;,or -

goes rapid flow (fra:.e b and e ) and Fig, 11 ilct nii cu::po. i ip P

Ignition oc s at i:rous niter, which u i c r' id Iou (, and c'

throughout the sr,,pl e. (frame c arid and il it . Extc;i:ivc brook-up

d). A 1arger amoult C. f uncorw1,uv.d fiJt.il h' tiOn Of hit.' r'ii 1

n, at orial rrv-ii ,!I 1 ti,! end of Lhr, smnf.1cr- ri , r';Ictiol. ; lt 

test. IitlJrfl'ae t. l b to I' 7 Js. tinies b to h1 7 js. Ficld of view

Field of view 20 rm. 20 ram.
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TABLE 3

Code Dynamic strength (2.5 x10
4 s-1 )/MPa F of Ia Labsetb

A 125 62 185
B 80 64 812

C 145 55 58
D 85 49 232

a. Figure of Insensitiveness, based on a drop-height for RDX of 80. The
greater the figure the less the sensitiveness (AWRE data).
b. Labset is the AWRE test for explosiveness. The greater the figure the
greater the explosive response (see Coley, 1976).

4. Conclusion

The combination of techniques used in this -study has provided valuable
information on the mechanical and ignition behaviour of explosives. The
techniques themselves have application to deformation studies of materials

5" in general.
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ABSTRACT

This paper describes a study of the decomposition of pentaerythritol.

tetranitrate (PETN) using a high-resolution time-of-flight mass

spectrometer. The decomposition was induced by fracturing single crystals

and by laser irradiation. In the fracture experiments, the energy input was

varied from the lowest level necessary to produce smooth cleavage surfaces

to high energy loading which produced rough conchoidal fracture surfaces.

In the laser experiments, a ruby laser was used in both normal and
A"

Q-switched modes, and again the energy input was varied. For all the

various experiments, the reaction products were analysed and reactikn'I

schemes are proposed. It is shown that low energy fracture causes

decomposition which follows the same reaction pathway as that induced

thermally, with initial failure at the RO-NO 2 bond. However, high energy

fracture results in the breaking of the C-C bonds. Two reaction pathways

were observed with the laser irradiation. The first is the normal thermal

process, but evidence was also found for failure at the R-ON0 2 bond. The

reaction continued for several milliseconds after the end of the laser

pulse suggesting a 'partial' ignition of the explosive. In other

experiments, the conditions for laser initiation of PETN in vacuum were

Investigated. Explosion occurred when Q-switched pulses of 1 J energy were

applied to a molten layer of PETN.

Now at: Department of Chemistry, University of Malaya, Kuala Lumpur,
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Now at: Acorn Ltd., Fulbourne Road, Cambridge.
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1 INTRODUCTION

Pentaerythritol tetranitrate (PETN) is a widely used secondary

explosive. Its relatively high chemical stability allows it to )e

manufactured, handled and stored in comparative safety. Its thermal

decomposition has been the subject of intensive study, and results on the

energies involved and the reaction pathway are summarised below in

section 2. Such decomposition has relevance to the long-time storage of

PETN and to situations involving relatively slow thermal inputs. However,

there is no certainty that the same reaction pathways will operate when fast

decomposition at transient 'hot spots' takes place.

It is now generally accepted that explosives almost invariably ignite

by thermal processes (Bowden and Yoffe 1952, 1958). The energy input may be

directly thermal or may involve the degradation of mechanical energy into

local 'hot spots' (see Field, Swallowe and Heavens 1983, for a recent

review). Whether or not fast reaction develops from the 'hot spot' theni

depends on the balance of heat produced by chemical reaction and that lost

by dissipative processes

The object of the present research was to investigate the decomposition

pathways fo, PETN following the production of transient 'hot spots', and to

compare the results with those obtained from slow thermal decomposition

studies. In one set of experiments, crystals were fractured in a variety of

ways; in this situation the 'hot spot' forms at the tip of the running crack

(see Field et al (1982) for a discussion). Direct measurements of crack tip

temperatures, which may reach several hundred K have been made by Doll

(1973), Fuller, Fox and Field (1975) and Welchert and Schonert (1974). In

other experiments, a ruby laser was used to produce a transient 'hot spot'

in the material. The experiments were performed in an ultra-high vacuum

system with a time-of-flight (TOF) mass spectrometer used to detect and

analyse the transient species and the decomposition products. A
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preliminary account of the fracture experiments was given in Hauser, Field

and Krishna Mohan (1983).

Finally, the conditions under which PETN initiates in vacuum when

irradiated by a ruby laser pulse were investigated.

2 THERMAL DECOMPOSITION

Andrews and Kaidymov (1961) found an activation energy E of 215 to

263 kJ mol -1 for the decomposition of solid PETN but their result was based

on a limited amount of data. Values from other workers using a variety of

methods fall reasonably close together. Rogers and Morris (1966) using

differential scanning calorimetry (DSC) found a value of 198 kJ mol-1 .

Soria-Ruiz (1969) obtained 176 kJ mol -1 by monitoring the peak m/e 28 using

a quadrapole mass spectrometer. Ng, Field and Hauser (1976), measuring the

total gas evolution, found a value of 192 kJ mol -1 . Vapor phase

decomposition was studied by Robertson (1948) who found an activation

energy of 197 kJ mol -I while Maycok and Verneker (1970) using a

thermobarogravimetric technique obtained 188 kJ mol-1  Decomposition is

complex and takes place concurrently with sublimation. Decomposition

products at 483 K were analysed chemically by Rideal and Robertson (1948)

who found

C5H8N40 12 - 0.52NO 2 + 2.11NO + 0.42N20 + 0.28CO 2 + 0.93CO + O.09H2 + water +

formaldehyde + residue (1)

This was supported by the time-of-flight mass spectrometry study of Ng et al

(1976) who found that the product distribution is temperature sensitive.

The activation energy for decomposition is close to the bond dissociation

energy of ca. 173 kJ mol-1 for RO-NO 2 in mononitrate and nitrite esters

estimated by Levy (1954). A mechanism was proposed by Ng et al (1976) for

the thermal decomposition of PETN via the rupture of the RO-NO 2 bond

.1
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followed by the elimination of a neutral formaldehyde molecule as given

below:

Normal Thermal Decomposition Pathway

C(CH 2ONO2 )4  C(CH 2ONO 2)3CH20 + NO2  2

C(CH 2ONO 2 ) 3 .CH20 - .C(CH 2 ON0 2 ) 3 + HCHO 3

.C(CH2ONO 2 )3  2CH 30NO 2 + 2C0 + NO 4

CH3ONO 2  * CH30 + NO2  5

CH30 + NO2  * HCHO + HONO 6

2HONO * H20 + NO + N02  7

CH30 + HCHO * CH3OH + HCO 8

HCO + NO * CO + HNO 9

2HNO * H20 + N20 10

3 EXPERIMENTAL

PETN In powder form was obtained from PERME, Waltham Abbey. Large

single crystals (typically 20 x 5 x 3 mm3) were grown from acetone solution.

The crystals were prismatic with elongated hexagonal (100) planes. They

were mounted on a movable platform inside a six-way reaction chamber of an

ultra-high vacuum (UHV) system connected to a Bendix RGA-1A time-of-flight

mass spectrometer. A view of the experimental arrangement is given in

figure 1. The sample was within 40 mm of the ion source which was operated

at 70 V.

A trace offset controller was used to present a step-wise display of the

mass spectra on a Tetronix oscilloscope (model A7603). It is capable of

displaying a maximum number of 64 spectra in 8 steps on a single

oscillogram. The sweep time for each spectrum is 33 vs. It also has a

horizontal offset component to displace the steps sidewise relative to each

other so as to avoid overlapping of high rising peaks between adjacent

steps. A built-in time delay unit on the oscilloscope trace offset
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controller is adjustable between 4ps and 1 ms. An additional time delay

circuit was designed (Hauser 1977) to extend and vary the delay time between

40 ms and 3 s. A high-writing speed camera, C27, using polaroid film was

used to record the oscillograms. An oscilloscope bright-up unit was also

used to facilitate easy data acquisition.

a) Fracture Induced Decomposition

A chisel was mounted on a metal bellows assembly situated on the top

compartment of a six-way reaction vessel. Its shaft had a hollow section to

accommodate a small explosive fuse. The platform on which the sample was

placed could be raised towards the stationary chisel edge by means of a

linear motion device (LMD) mounted in the compartment opposite to the

chisel. When the crystal surface was just touching the chisel edge, two

modes of initiating a fracture were then carried out.

i) Less energetic fracture

The chisel edge was aligned parallel to a (110) cleavage plane of the

crystal via a rotating flange to which the LMD was attached (figure 2a).

This could be achieved by rotating the entire LMD assembly until the edge of

the chisel was parallel to the long edge of the cyrstal. The crystal was

loaded against the chisel by raising the platform until the crystal

cleaved. This process was carried out slowly so that the minimum cleavage

force was used. A spectrum was taken as soon after cleavage as possible.

The estimated time delay between the event and the recording was ca. 1 s.

ii) Energetic fracture

In this situation, the crystal was not orientated preferentially and

excess energy was rapidly fed into the chisel by firing an explosive fuse

placed in its shaft (see figure 2b). In these experiments, synchronization

of the firing of the detonator with the mass spectrometer recording was

achieved and chosen delay times were possible.
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b) Laser-induced Decomposition

Laser irradiation of a sample in the chamber was achieved by using the

transparent windows. The Bradley ruby laser (A = 694.3 nm) was first

aligned with the help of a small He-Ne continuous laser which was mounted on

the same optical bench. A lens was used to focus the ruby beam onto the

crystal surface to an area of ca. 2.0 ± 0.5 mm in diameter. An ion-repeller

grid operating at positive voltage was situated between the sample and the

ion source. When operated in Q-switched mode, the ruby laser has a peak

power of ca. 200 MW and a pulse duration of ca. 20 ns. In the decomposition

experiments, energy inputs into the crystals were in the range of 0.1 to

1 J. The valve leading to a Ferranti ion pump was adjusted such that the

oressure inside the system did not exceed 10- 5 torr at maximum gas

evol ut ion.

c) Laser Initiation

In a separate series of experiments, the conditions for the laser

initiation of PETN in the vacuum system were investigated. Various

experimental arrangements were used. In experiments with solid PETN,

:,ingie crystals with their back surface coated with a thin film (ca. 100 nm)

'f auminium were used. The crystals, of millimeter dimensions, were

either mounted freely (unconfined) on a support, or embedded in epoxy resin

to stu-4y the effect of confinement. Molten PETN was obtained using the

-irran erient illustrated in figure 3. The aluminium block was in contact

with ir t plate. When the temperature was raised above the melting point

(.4 gj hhe melt was trapped between the microscope slide and the aluminium -

lock. In an alternative apparatus a molten layer was produced without the

>¢,nf.nirn, glass slide.

P ESLTS.

)' racture-induced Decomposition

The fracture of a PETN crystal by an explosively driven chisel created

new surfaes together with the rapid evolution of gases. The fracture
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surfaces for this energetic mode of fracture were invariably rough

(figure 8b). Their mass spectra showed distinct features different from

that of thermal decomposition. In the low mass region, peaks at m/e 16(O),

28(CO), 30(NO), 44(CO 2 ,N20) were produced. However, no peak at m/e 46(NO 2 )

was observed. In the high mass regions, the only prominent peak was at

m/e 60. Figure 4 is a step-wise presentation of the mass spectra taken

700ps after the firing of the detonator. The entire mass spectra of the

reaction products are given in figure 5 which was taken with a time delay of

350 W3.

In contrast, the low energy fracture mode, achieved by the method of

figure 2a, produced a number of different spectra which depended on the

amount of energy transmitted to the crack. Three types of spectra were

observed.

i) a large intense peak at m/e 76 plus other weak ones. An example is

shown in figure 6.

ii) a large intense peak at m/e 60 plus others. This type is similar

to the example given in figure 4.

iii) the simultaneous presence of both peaks at m/e 76 and 60 in

addition to others. An example is illustrated in figure 7.

The presence of a peak at m/e 76 is also accompanied by a peak at m/e 46 in

the low mass region. The observed fracture surfaces were smooth (figure 8a

gives an example) for spectra (i), rough for spectra (ii) and partly smooth

and partly rough for, spectrP (iii). The smooth surfaces were (110) cleavage

frces and were obtained when the chisel was accurately aligned and the

minimum of energy used.

b) Laser-induced Decomposition

The interaction of a Q-switched ruby laser pulse with a PETN crystal

in'side the 1JHV system produced positively charged species which were

detected for a duration of ca. 2 ms after the firing of the laser pulse even

without the ion-3ource of the spectrometer in operation. A repeller
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The ietragoal unit ceA which contains two molecules of PETN is depicted in

figure 12 which shows projection onto the (001) plane. The cleavage planes

are (110) and (110) since only the weak van der Waals forces need to be j
overcome along these planes. Figure 13 shows the position of the cleavage

plane (110) relative to another cleavage plane (110) which is also one of

the surfaces of the as-grown crystal. However, the rapid fracture, j
initiated by the explosively-driven chisel, does not remain on the planes

but penetrates and bifurcates into many non-cleavage planes thus producing

a rough conchoidal surface (figure 8b). As the crack propagates along the

* terrain of this rough surface, it has to overcome and break off all chemical

bonds that are transverse to its path. However, if fracture is confined

along the cleavage plane, then no such rupture of chemical bonds takes

place. The fractured surfaces are then smooth as illustrated in figure 8a.

In this latter event the energy at the crack tip dissipates in the form of

heat causing those molecules at the tip to sublime and subsequently

decompose in the vapour phase. The mass spectrum is similar to the one

obtained from thermal decomposition in which a PETN molecule decomposes via

a molecular elimination mechanism (Ng et al 1976). The prominent peak in

the high mass region at m/e 76 is attributed to the species CH2ON0 2
+ derived

from the parent moleule CH3ONO2. The distinct difference in the mass

spectrum of the decomposition products and its correlation with the mode of

4 fracturing strongly suggest that there are two different decomposition

pathways for the fracture-induced decomposition of PETN. Indeed both the

reaction pathways can occur simultaneously if fracture occurs partly along

the cleavage plane and partly by bifurcating into many non-cleavage planes.

In such cases the mass spectrum shows the presence of both the peaks at m/e

60 and m/e 76 (see figure 7) in the high mass region.

I,+
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cleavage at the four central C - C bonds and that the fragments .CH2ONO 2 and

.C(CH20N02)2 rapidly degrade to CO and NO.

In the mass spectrometer, the species CH2ONO2
+ . if present, should

appear at m/e 76. The fact that it is absent in our TOF mass spectra for

enegetic fracture indicates that this radical is a short-lived species with

a life-time less than the time resolution, 33 ps, of the spectrometer.

There are two degradation pathways for this radical

i) .CH2 ONO 2  .CH29 + NO2

ii) .CH2ONO 2 4 .CH2ONO + 0

faThe absence of a peak at m/e 46 (NO2
+ ) rules out pathway (i). The presence

of a peak at m/e 60 (.CH 2ONO
+) and m/e 30 (NO+ ) (which reflects easy

cleavage of the alkyl nitrite at RO-NO) supports pathway (ii).

The bond dissociation energy for a typical (CH3)3C-CH3 molecule is

290 kJ mol - 1 (Benson and O'Neal 1970) and for RO-NO 2 is 173 kJ mol-1 (Levy

1954, 1956). When some of the elastic strain energy dissipated at the crack

tip goes into promoting chemical decomposition, the molecule should

decompose via the rupture of the weaker bond. Our result showed that it is

the stronger C-C bond that is broken whereas the weaker RO-NO 2 bond remains

* intact. This implies that the energy associated with the crack tip is

localised specifically on the C-C bond and that this bond is traversed by

the crack in a time comparable to that required for one vibration. For this

reason there is no possibility for the molecu' to attain thermal

equilibrium.

PETN crystallises from acetone in a tetragonal crystal system with

space group P42 1c (Wyckoff 1960). The molecule which has S4 symmetry has

four identical CH2ONO 2 groups attached to the central carbon which occupies

special positions, 0, 0, 0 and 1/2, 1/2, 1/2. The other carbon atoms are

* situated at the general positions x, y, z; x, y, z; y, x, z; y, x, z; .i .... .
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Unconfined crystals simply lost the aluminium film during laser

irradiation and showed only a small crate,' formed at the focal point.

Crystals confined in epoxy resin, were shattered into small pieces and it is

probable that initiation could have been achieved with a slightly higher

laser energy.

5 DISCUSSION r

a) Fracture-induced Decomposition

When a fast moving crack propagates through a solid, the condition for

crack growth in terms of a Griffith-type energy balance is given by (Bowden,

Fox and Soria-Ruiz 1968, Fox and Soria-Ruiz 1970):

d{Ee - [Es + Ek + Ep + Ec]l/dc Z 0 -7

where c is the crack length and the subscr pts for the energy (E) terms

represent the contribution of elastic, surface, kinetic, plastic and

chemical energies respectively. Fracture studies on PETN crystal (Hagan

and Chaudhri 1977) have shown that it is a weak solid which undergoes

brittle fracture with limited plastic flow. Its fracture surface energy of

0.11 J m- 2 is typical of that for a van der Waals solid. A characteristic

of brittle fracture is that cracks can reach very high velocities of the

order of a thousand metres per second depending on the solid (see, for

example, Field 1970 for a review). The crack tip radius is of the order of

atomic dimensions, and when it develops it does so by a process of breaking

atomic bonds. In their work on fracture-induced decomposition in brittle

crystalline solids Bowden, Fox and Soria-Ruiz reported the evolution of

single gaseous species from metal carbonates and azides as a result of

"| fracturing these solids. However In the more complex PETN crystal there is

more than one type of chemical bonding present in the molecule. Their

preliminary results suggested that decomposition takes place via the

4,
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voltage of 3 V was needed to stop these charged species from entering into

the ion source to observe the mass spectra of the decomposition products.

With the ion repeller set at 3 V DC, the ionisation potential at 70 eV

and the time delay at 1.25 ms the mass spectrum (shown in figure 9) revealed

the presence of decomposition products similar to that obtained from our

thermal decomposition work. With a longer time delay of 3.3 ms, more peaks

(m/e, 60, 62, 65, 71, 74, 76, 94, 114, 116, 128, 190, etc) were observed in

the high mass region (figure 10). All of these were transient with the

exception of m/e 76 which was particularly persistent. At a time delay of

5.6 ms many of those peaks were still present but with diminishing intensity

whereas the peak at m/e 76 appears in every step (figure 11).

c) Laser Initiation

The results of the laser initiation experiments are summarised in table

1. Only under one set of conditions (PETN in liquid phase, confined and

irradiation by a Q-switched laser pulse) could initiation of PETN by ruby

laser irradiation in vacuum be effected for the energies used. Solid PETN

could not be initiated by laser irradiation under vacuum conditions for the

range of energies available.

TABLE 1

* Laser initiation of PETN in vacuum

* PETN phase Confinement Laser pulse Explosion

Solid Yes Non Q-switched (20 J) No
S60
Solid Yes Q-switched (1 J) No

Solid No Non Q-switched (20 J) No
Solid No Q-switched (1 J) No .

Liquid No Non Q-switched (20 J) No

Liquid No Q-swltched (1 J) No

Liquid Yes Non Q-swltched (20 J) No -

Liquid Yes Q-switched (1 J) Yes

6J



- NO 2Slow thermal; low energy fracture; 1

low energy laser.

C(CH ONO ) - - ONO Hg nrylsr
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a]

s. The deformation stress of highly brittle
explosive crystals from real contact area
measurements

M. MUNAWARCHAUDHRI
Cavendish Laboratory, Madingley Road, Cambridge, UV

An experimental study is described in which the deformation stress of millimetre-size
highly brittle as-grown single crystals of explosive materials has been determined using a
novel experimental technique. The technique involves the loading of the test crystal
against a transparent glass plate with in situ measurements of the real area of contact
under load using an optical microscope. For all explosive crystals the deformation stress
was found to increase with load reaching a plateau at higher loads. The maximum defor-
mation stress of a crystal was found to be considerably lower than its Vickers diamond
hardness value. A discussion on the determination of the uniaxial yield stress of small
particles is also given.

1. Introduction a hard transparent surface with a known normal
Recently, Chaudhri [11 published a model for the load. In the literature, such a method of deter-
initiation of explosions in compacts of sensitive mining the deformation stress of brittle crystals
solid explosives when they are impacted by hard of shapes other than the rectangular parallelopiped
needle-shaped strikers. According to this model, does not appear to have been reported before.
an explosion results due to the high temperatures
generated by friction at the contacting surfaces of 2. Experimental details
the explosive particles which are picked up by the 2. 1. Materials

striker's tip and carried into the explosive compact. Single crystals of lead azotetrazole (LAT) ofTo make reliable quantitative estimates of the tern- types A and C were obtained from Dr P. Collins

peratures generated at the rubbing surfaces, a of PERME (UK); type A were of pyramidal shape
knowledge of several physical properties of the about 2 mm across, whereas type C were needle-like
particles is needed [11. One such property of I to 2 nun in length and about 0.5 mm in diameter.
significant importance is the deformation stress Single crystals of a-lead azide were grown in the
of a particle pressed against another with a given laboratory by a diffusion method [51; these were
normal load. To determine this parameter direct also needle shaped, 0.3 to 0.5 mm in diameter,
measurements of the real area of contact are and I to 2mm in length. Crystals of 0-cyclotetra-
required, which are difficult to make even for methyl-tetranitramine (B-HMX) and cyclotri-

* ductile metals as has recently been pointed out methylenetrinitramine (RDX) were also grown in
by Tabor [2]. For brittle materials the situation the laboratory by slow evaporation of a saturated
is further complicated by cracking which can solution in acetone at 700 C. O-HMX single crystals
occur at quite small loads. Here the results of a were thick platelets with relatively good edges,

S.novel experimental investigation are reported in whereas crystals of RDX did not show sharp
which the deformation stress of a number of edges and generally had rounded corners. Potassium
highly brittle 13, 41 as-grown explosive crystals chloride crystals about I cm x I cm x 1 cm. in size
has been determined from measurements of the were obtained from BDH (UK), from which pieces
real area of contact when they are pressed against about I to 2 mm in size were cleaved for these

* . ,l= m* m m m N m, m , ,mmm mm
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T A B L E I Chemical formuli and some crystallographic and mechanical properties of the crystals used in this work

Material Chemical formula Crystal clas Primary glide
and space group system

a-lead axide PbN, Orthorhombic not known
(erPbN,) Pcmn 16)
Lead azotetrazole (LAT)
type A [CNoPblx • H20 not known not known

(x between 0 and 2)
type C ICN,oPb | • Pb(OH), not known* not known

0-cyclotetramethylene- (CHNNO,), monoclinic not known
tetranitramine (-HMX) P2, IC (8)
Cyclotrimethylene- CsH,N3(NO) 3  orthorhombic (01 0)(0011
trinitramine (RDX) Pbca [9) (101

Potassium chloride KCI cubic (110] (110)
(KCl) Fm3F[i1) 112]

Melanie A. Pierce-Butler 17) has determined the structure of LAT type D having the same chemical formula as that of
the type C; the crystal class is triclinic and space group Pl.

experiments. Table I lists the chemical formulae of into perfect contact at surface A as shown in
the various explosives along with their crystal Fig. lb. The intensity '2 of the light reflected from
structures and slip systems (if known). the glass/crystal interface is then given by:

2.2. The principle of the experimental 12 n3  (2)
technique #!n n,

The principle of the technique can be illustrated where n3 is the refractive index of the crystal.
with the help of Fig. 1. In Fig. Ia a light beam is For the crystals used in this work n3 is in the
reflected from a partially silvered surface S and range 1.5 to 2.6. Taking a value of n3 of 1.6 (say),
hits a polished glass plate normally. If the refrac. 12 = 0.0066, which is considerably smaller than
tive indices of the glass and air are nj and n2  I,. The same is true for other values of n3 in the
respectively, then the intensity I of the light given range. Thus, the reduction in the intensity
reflected from surface A, for unit incident inten- of the reflected light gives -is a convenient method
sity, is: of measuring the area of eal contact between a

(!It n2 (l non-metallic crystal and a tj ansparent glass plate.

nj + n2 /2 2.3. The compression apparatus
, Substituting nt = 1.52 and n2 

= 1, we have I, = A schematic diagram of the arrangement used for
0.04. compressing crystals against an optically flat glass

A crystal of the test material is then brought surface and simultaneously measuring the area of

crystal
air tA

S gloss
plote

S\*
• " iOtht
,:sou rc •

" obsever gire I Diagram showing the principle
observerof the experimental technique used for

,(O) (b) measuring the real area of contact.
... .

4T
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a minimum amount of cracking occurred. Photo-
graphs were also taken during the unloading of the

Glss -Holdeir crystal and it was found that in all cases plastic
S / -Crystal deformation of the crystal had occurred over the

X M'Aentire region in real contact with the glass plate.
&4*0" The deformed region was flat and optically snooth

IC and when the crystal was only just removed from
P. VIA the glass plate the flat gave a mirror-like reflection.

Silhouette optical micrographs of crystals•Camera 4
source before and after deformation were also taken.

Although the deformed regions were relatively
small, in some cases the deformation could be

F/gure 2 Schematic diagram of the arrangement used for clearly seen in the migrographs.
measuring the real area of contact of a crystal loaded The measurements of the real area of contact
against a smooth glass plate, were made from enlarged prints using a transparent

millimetre grid. In this manner, a real contact area
real contact between the crystal and the glass as small as I pm x 1 urm could be measured.
surface is shown in Fig. 2. The crystal to be
examined is mounted on a steel holder with an 3. Results
epoxy "araldite". Before the epoxy hardens, the The results from different crystals are given below
crystal is carefully positioned so that as far as separately.
possible a sharp corner of the crystal is along the
axis of the holder, or a sharp edge is normal to it. 3.1. ct-PbN 6

The steel holder itself is screwed into a sensitive Two single crystals of this material were investi-
load cell capable of measuring loads from less than gated. Fig. 3a shows the profile of a crystal before
a gramme to several kilogrammes. The load cell is it was deformed. It was loaded on an edge (marked
rigidly mounted on the crosshead of a mechanical with arrow) along the c-axis, and the photographs
testing machine (Instron No. 1122); in all exper- of real contact are shown in Fig. 3b. The load on
iments the crosshead speed was 0.05 mm min 1. the crystal in grammes is shown alongside each
The glass plate is placed on a thick steel support frame. In the uppermost frame, the crystal has not
plate and the contact area between the crystal and touched the glass plate and is only a few ian from
the glass plate is viewed in reflection using an the surface. Note that the entire field is uniformly
optical microscope focused on the glass surface, illuminated (the black circular spot in the centre
as shown in the figure. When desired, photographs of frames I and 2 is due to a dust particle). In
of the contact area are taken, the magnification frame 2, the load has been increased to 1O.5 g
on the camera film being x 60. and a dark band has appeared in the centre. The

The experimental procedure was as follows, crystal is in real contact with the glass surface at
First the crystal was brought to within 5 to lOpm all points in the band. In the next frame, the
of the glass surface and a photograph taken. At load has been further increased to 20g, and note
this stage the field of view was uniformly iliumi- that the area of the dark band has also increased.
nated. Then the crystal was brought into contact The crystal was then unloaded, first to 4 g and
with the glass surface, with the normal load being then to zero. At 4 g the area of the dark region in
a gramme or less. It was observed that wherever the band has decreased as some of it has become
the crystal made real contact with the glass sur- brighter than the background. At zero load, the
face, the intensity of illumination decreased entire band has changed into a bright one. These
markedly. The load was then further increased observations strongly indicate that the crystal is
by a small amount and another photograph taken. no longer in contact with the glass plate and that
This procedure was continued for several loads the edge of the crystal had plastically deformed to
and a corresponding sequence of photographs was a smooth flat surface.

* made. The crystal was then again loaded and the real
The maximum load applied on a crystal areas of contact corresponding to loads of 24, 32

depended upon its size and the type so that only and 41 g are also shown in the figure. As the load

o
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Figure 3 (a) Profile of an a-lead azide single crystal which ' .
was loaded along the c-axis; the edge before being de- 0 . ---.
formed is indicated by the arrow. ,. .

(b) The variation of the real area of contact of the lead
% -_.azide crystal shown in Fig. 3a when it is compressed by

different loads. The figure on the left of each frame is the
load (in g) on the crystal. The dark band represents the 24 - -
real contact, whereas the bright hand is due to the reflec-
tion of the light from the plastically deformed surface
when it is only slightly separated from the glass plate.

(c) A layer of particles of lead azide adhered to the
glass plate. 32~~~~~~3 2 , " . . . .-

increases, both the width and the length of the
band increase. For loads above 24 g, a thin bright

line appears at the centre of the dark band. At 41 -

present its origin is not clear. The crystal was then
finally unloaded, and during the unloading the
area of real contact decreases, as is indicated by

O the change in the contrast. flowever, as the crystal
has defornied plastically, the decrease is slight 22
initially and only when the crystal is nearly coni-
pletely separated from the glass at zero load
does a pronounced decrease in the area of real
contact occur. As already stated, the flat on the 10 W 11." " '-.
crystal forms due to its plastic deformation; it is
rather smooth, and can give enhanced illumination
only when just separated from the glass plate. The
behaviour of the second crystal was found to be .

quite similar to that of the first. 0
" It should he pointed out here that if a crystal (b)

of lead azide was loaded for the first tinle against
the glass surface even by as low a load as I g, it
left on the glass surface a thin film consisting of
very small particles which could not be resolved

p
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Figure 4 (a) A crystal of LAT type C before being corn-
pressed. The edge to be loaded is of a pyramidal shape,
with the angles between the pairs of opposite faces being 2
36, and 810. (b) After the compression experiment the

Vtip of the crystal was found to be deformned plastically
(see at arrow). (c) The variation of the real area of the
contact of the LAT crystal shown in Fig. 4a when it is
pressed against the glass plate at different loads. The load

(in g) on the crystal is shown on the left of each framne.
Dark areas represents real contact.

even tinder a high powered optical microscope.
An examination of the film in a scanning electron0
microscope was not successful either because of
the decomposition of the particles by the electron separated : A~ ~
beams. These fine particles are probably of lead
azide and an optical micrograph of such a thin film
is shown in Fig. 3c.

*Another interesting observation was that
neither during the approach of a lead azide crystalL
towards the glass plate nor during the crystal's only one of LAT type "A". The compression
removal from the plate after having been loaded, behaviour of type "C" crystals was quite similar
were the surface or adhesive forces strong enough and results from a crystal are shown in Fig. 4c.
to be registered by the load cell. That is, these The end of the crystal which was loaded was of
forces were less btan 0.25 g. pyramidal shape with the angles between tie

opposite faces being 360 and 81e0. Figs. 4a and b
3.2. LAT show this end before and after deformation,
We examined three crystals of LAT type "C" and respectively. The region which was loaded is di-

' ' Dar ares rpresntsrealconact

6'-- .*' m~
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Figure 5 (a) A crystal of LAT type A before being comn-I pressed; the loading point is marked with the arrow.

In (b) The variation of the area of real contact of the LAT
0 type A shown in I-ig. 5a when it is compressed against

the glass plate at different loads. The load (in g) on the

(a)l0.1rM crystal is shown on the left of each frame. Dark areas(ci) represent real contact.

I" w

cated with anl arrow and it is quite clear that plete unloading, a very thin layer of adhered par-
plastic deformation of the tip has taken place. tidles (smaller than 1 pm) was left on the glass

It will be seen from Fig. 4c that as the normal plate.
* load on the crystal is increased from 0 to I I g,

the area of real contact also increases; in this case, 3.3. f3-HMVX
because of the geometry of the loaded zone, the Two single crystals of this nmaterial were investi-

* area of real contact is approximately circular. gated, but photographs of thme real area of con-
When unloading occurs and the load is reduced to tact of only one of them will be showni here.
2 g, the area of real contact only reduces slightly, Fig. 6a shows the face of the crystal that was
as in the case of lead azide. When the load. is loaded (this crystal did not have anly pronounced
further reduced to 0.25 g, some separation of the corners or sharp edges) and the variation of the
surfaces occurs, as is evident from the very bright area of real contact with load is shown in Fig. 6b;
spot in the middle of the area of contact. When loads in grammes are given at tile bottomi left-
the surfaces are completely separated (i.e. last hand corner of each frame. In this case, the real h
frame), there are still some dark areas left; these area of contact is not of a regular shape. Moreover,
are due to an adhered layer of LAT on the glass for loads greater than 21 .5 g some fringes appear
surface. outside the area of real contact. Again, for these

Figs. 5a and b show a crystal of LAT (type A) crystals the size of the area of real contact
before being compressed and the variation of real increased with load.
area of contact with load, respectively. As will be The plastic deformationi of a sharp corner of
seen in Fig. 5a, the corner of the crystal which the second crystal is clearly illustrated in Fig. 7.
was loaded was not very sharp with) the result that Fig. 7a shows thme corner of thme crystal which was
the contact occurs at several isolated areas (see loaded along the a-axis. Fig. 7b shows the stale of
Fig. 5b). Moreover, as for thle above two materials, the corner after the crystal had been loaded to
when thle load was increased from 6.5 g to 31 g, I I g and then unloaded. Note the permanent
the area of real contact also increased. On com- deformation of the corner, but no cracking is
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Figure 6 (a) A crystal of j3-IIMX before -
being loaded at the region marked with
the arrow.

(a) 0.2mm

100 jim 1

13-5 39.5

Figure 6 (b) The variation of the area of real contact of the p-IIMX crystal shown in Fig. 6a when it is compressed
against the glass plate at different load%. The load (in g) on the crystal is shown at the bottom left-hand corner of
each frame. D~ark areas represent the real contact. Note also the optical interference fringes for the three highest loads;
these regions% givng interference fringes are not in real contact.
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Figure 7 A rather sharp-edged crystal of O-llMX. It was
first compressed to a load of I1 g (Fig. 7b) and then to
23 g (Fig. 7c). In both cases, plastic deformation of the
crystal tip occurred.

hand corner of each photograph. At zero load

the crystal is very close to the glass surface, but
not in contact with it. This causes a reflection of
the light as is indicated by the lighter area in the

- frame. As the load is increased to 1.5g real con-

tact occurs at the point indicated by the arrow

and the intensity of the reflected light decreases
(C) giving a darker zone. Because of the rough nature

of the crystal surface the contact occurs at several
isolated zones as is clearly indicated by frames

apparent yet. When the crystal was further loaded corresponding to higher loads. This sequence gives

to 23 g and then unloaded, the volume in which a clear example of the asperity contact described

permanent defortnation occurred also increased by Bowden and Tabor 1131. The maximttm load
(see Fig. 7c). This frame also indicates (hat some applied to the crystal was 5Og (the corresponding
fracturing of the tip may have occurred. I lowever,
it cannot be said with any certainty whether the
adhesion of the crystal tip to the glass enhanced
tile fracture.

It may he added here that a film of adhered
fine particles of 0-IIMX crystals was left on the ,,0.1-rum

glass surface even after loading to only 3 g. Whether (a)
this filn formed at lower loads was not examined.

3.4. RDX
Single crystals of this material were approximately
spherical and of diameter less than I mm. Two W
crystals were investigate(, but photographs of the
area of real contact of only one of then will he (b)

shown here. Iti Fig. 8a the profile of a crystal is
shown with an arrow marking the region which F'igure 8 (a) Part of an RI)X crystal which did not exhibit L

any sharp edges. It was loaded at the region marked with
was loaded. Fig. Sc shows the variation of the size the arrow. Nb) After loading to 41 g, a thin sliver of the

of tie area of real contact with increasing load; crystal appears to be on the point of detaching when the

the load in gramnmes is shown at the hot toni left- crystal was separated from the glass ilate.

.
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-1igre 9 The variation of tl area of real contact of a wedge-like crystal of KCI when it was compressed along I 1 0j

againt the glass urlace at different loads. The load tin g) is shown at the bottom left-hand corner of-each frame. Dark

areas represent the real contact. Note also the interference fringes; these correspond to regions outside the real contact.

area of real contact is not shown here) and then edge formed by cleaving along I 100 } planes; the

it was unloaded and again a very thin layer of direction of compression was approximately along

extremely small particles was left adhering to the I I 101. (Note that it is because of the lighting con-
glass plate. A photograph of the crystal after tine ditions that in the figure only one of tie 1 00)

deformation is shown in Fig. 8b. It appears that a faces forming the edge is seen.) In the first frame,
thin sliver of the crystal was in the process of the load is 2.5 g and real contact occurs at isolated

being torn olf at the contact zone. points marked by the arrows. interference fringes
are also clearly visible outside the real contact

3.5. KCI zone. As the load is increased, tie number of
Fig. 9 shows the variation of the real area of cotn- 7ones in real contact and their areas increase, bnt

tact for a single crystal of KCI loaded on a fresh no cracking of the crystal occurs. The load was



7- .71_ --. : .2. . _ . . _

56

increased to 25.5 g and then the crystal was un- 30

loaded. Note that until the load has dropped to. +
zero there is no significant reduction in the area 25I

of real contact (see the frame corresponding to
7.5 g). This strongly suggests that real area of '0
contact is formed by plastically deformed area of V120

the material. Naturally, as the load is decreased,
the area of the plastically deformed flat will not

reduce. When the load is reduced to zero and the
surfaces are just separated, the plastically flowed 10
material gives enhanced illumination. In the last
frame (i.e. zero load) a very small zone is still in
contact (dark zone marked with arrow); this dark
zone also changed to a bright one on further ! b ' 0 C'

separation. For this crystal no layer of transferred Load ION)
material was left on the glass plate. Figure 11 The variation of the deformation stress of LAT

type C and type A single crystals with load. ., a, c, LAT
4. Data reduction type C crystal Nos. 1, 2 and 3 respectively; a, LAT type A
The average contact stress was obtained by dividing single crystal.

the applied load by the corresponding measured
area of real contact. As in all cases, even at the deformation stress against load graphs show irre-
smallest loads studied, plastic deformation of the producible behaviour even for crystals of the same
material had occurred over the entire contact material. Several factors may contribute towards
zone, the average contact stress gives us the plastic this irreproducibility: (i) a change of the loading
deformation stress of the material. The variation axis of the crystal; (ii) a change in the geometry
of the deformation stress with load of the differ- of the loaded region; and (iii) changes in the
ent crystals are shown in Figs. 10 to 14. Except physical properties from crystal to crystal due to
for KCI, all crystals studied show that the defor- the impurity content variations.
mation stress increases with load, reaching a For the case of a-lead azide results from exper-
plateau at higher loads. For crystals of different iments on two crystals are shown (Fig. 10). For
materials the average deformation stress at high one crystal the deformation stress increases from
loads was greater by a factor in the range 1.5 to 13 x lO7Pa to 26 x l0'Pa as the load increases
5.0 than that at low loads. Notice, however, that from about 10 -'N to 4 x 10- 1 N, whereas for the

second crystal the deformation stress increases
30 from 5 x 101 Pa to 10 x 107Pa with the increase
25 for three crystals of LAT type C and one of LAT

type A are shown in Fig. 11. Crystal No. I shows

"a€ an increase of deformation stress of over four
times (i.e., from '-5 x lO Pa to 22 x lOOPa) as
the load goes up from 2 x 10-N to 40 x 10-'N.

_ However, in the other two crystals the variation of
the deformation stress is not so marked; crystal

10, No. 2 shows an increase of only 25% in the defor-
mation stress, and from the small number of data

5 * points (four only) covering a relatively small load
range (4 to 10 x 10-N) for crystal No. 3, very

S 0little variation seems to occur.
Lo 116N) In P-HMX crystals (Fig. 12) the variation of the

Fure 10 The variation of the deformation stress of deformation stress with load is from 25% (crystal
a-lead azide crystals with load. e. crystal No. 1; A, crystal No. 1) to a factor of 2 (crystal No. 2), though the
No. 2. load range of crystal No. 2 is considerably larger.
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30 Figure 12 The variation of the deforma-
tion stress of f-HMX single crystals withload. , crystal No. 1; e, crystal No. 2.

25

~15.

5

20 30 V.0
Lood (16 J)

One significant difference is the value of the stress 5. Discussion
at low loads; the deformation stress of one crystal From the analysis of the data given in Section 4,
is 3 to 4 times that of the other. In this case it several important observations can be made regard-
does appear that the geometry of the contact is ing the flow stresses of small (mm-size) single
playing an important part; the lower stress values crystals of a number of brittle materials:
are for the slightly rounded crystal. 1. plastic flow occurs even for loads as small as

RDX crystals (Fig. 13) also show an increase 0.02 N
in the value of the deformation stress by a factor 2. generally, the flow stress increases with the
of 2, as the load is increased from 2 x 10-' N to applied load reaching a plateau at loads of 10-1 to
40 x 102 N. However, as for the other materials, 2 x 10- 1 N;
there is a difference in the stress values of one 3. the maximum deformation stress of a crystal
crystal from that of the other. is considerably smaller than its Vickers diamond

For the KCI crystal (Fig. 14) the deformation hardness value (see Table I);
stress remains constant at 2.7 x 10 Pa as the load 4. except for KCI, all crystals studied leave a
increases from 4 x 10-2 N to 25 x 10-2 N. film (composed of extremely small particles) on

It may be pointed out that for all the crystals the glass surface against which they are com-
studied, the size of the plastically deformed zone pressed, even for loads as small as 10- 2 N.
at the contact was not more than 1/50th of the We shall discuss these observations separately.
size of the crystal. In other words, the plastic
deformation was very localized. 5.1. Plastic flow at very low loads

The crystals used were as-grown and it is very likely
16

.-0

-A 2+3 ~ 5 2

4 30 40 10 15 Z"

Figure 13 The variation of the deformation stress of RDX Figure 14 The variation of the deformation stress of a KCI
single crystals with load. e, crystal No. I; a, crystal No. 2. single crystal with load.
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that their mechanical behaviour would be that of crystal occurs at a value only just a few per cent
non-work-hardened crystals. In fact, using the higher than its uniaxial yield stress. The increase
technique of indentation with a hard sphere, it has of the deformation stress with load can then be
been found that the crystals of 0-HMX and RDX explained by the work hardening of the crystal.
show a considerable amount of work hardening.
Now since some of the crystals possess "point- 5.3. The maximum deformation stress of
like" corners and some have "line-like" edges, the a crystal against its Vickers diamond
elastic imit will be exceeded at extremely low hardness
loads. This has been confirmed by the experimental The maximum deformation stress and Vickers
observations reported in Section 3. diamond hardness of the various crystals are com-

pared in Table 11. It is noted that in all cases the
5.2. The increase of the deformation stress latter is considerably higher. Two factors respon-

with load sible for the difference are:
The increase of the deformation stress with load (i) the constraint imposed on a solid when a
is a little difficult to explain fully for conical, Vickers diamond pyramid is pushed into the solid
pyramidal and wedge-shaped crystals. It may be is greater than when a corner or an edge of the
possible that a very limited number of slip systems solid is pressed against a hard flat surface; and
available in these crystals is a contributory factor. (ii) the average plastic strain induced by the
It should be pointed out that in the case of cones Vickers diamond pyramid indentation is 8%,
and wedges of an isotropic material possessing whereas the strain induced due to the plastic
more than five independent slip systems, such as in deformation of a sharp-edged or pointed particle
copper, the deformation stress is independent of is dependent upon the included angle of the loaded
the load for the fully work-hardened state and zone, as has been shown for the case of annealed
only increases by about 6% when the copper is copper cones 1141.
annealed [141. Therefore, for the brittle crystals One important implication of these findings is
studied, it is reasonable to assume that the work that to predict the real area of contact of a brittle
hardening effects will show some increase in the particle loaded against a hard flat surface using its
deformation stress with the increase of load. Vickers diamond hardness value, as has been done
However, more experimental work is needed on by the previoui investigators, is not generally
other brittle crystals before almost a 100% increase correct; this approach gives very much an under-
in the deformation stress (see Figs. 10 to 13) with estimate.
load can be understood.

For crystals whose loadingedges were curved(e.g. 5.4. The layer left on the glass plate
RDX), the deformation stress against load behav- Except for KCI, all crystals left a layer of micro-
iour is somewhat similar to that of an annealed scopic particles on the glass plate even when
metallic sphere; in both cases the stress initially compressed by as low a load as I g. There appear
increases with load, reaching a peak at higher loads, to be two possible explanations:
On comparison with the results from metallic (i) the crystals break up due to the compression;
spheres 15 1, it appears that the initial yield in the and

T A B L L I I Comparison of maximum deformation pressure of a particle and its Vickers diamond hardness
Material Vickers diamond Maximum deformation Pm/Hv

hardness* HV (kg mm") pressure of particle
Pm (kg mm 2)t

a-lead azide
n-lead 1197 * 8.1 27.5 0.23

RDX 24.1 t 0.8 15 0.62
0-HMX 41.3 1.0 26 0.63
LAT (type C) 109.4 t 3.1 29 0.27
LAT (type A) 34 5 t 0.9 12 0.35
KCI 16 o 1 2.8 0.18

*Load on indentor wa% 15 g
tError - 5,47
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T A B L E I I I Predicted minimum toads for compression 5.5. Flow stress determination
cracking From the deformation stress values of a brittle par-

Materials Predicted minimum* ticle, an estimate of its flow stress (i.e. yield stress
(all single crystals) load for cracking (N) at the imposed strain) can be made. If the particle
a-lead azide 6.6 X 10-6 is spherical, then the deformation stress at low
RDX 1.2 X 10' loads will correspond closely to the uniaxial yield
KCI 1.9 X 10-'

a e stress of the explosive crystals used in this work.
*Calculated using HV values. The values are:

(ii) the break up does not occur during the a-PbN 6 < 5 x 107 Pa;

compression, but the adhesion between the crystal LAT type C < 5 x 107 Pa;

and the glass surface is so high that when the LAT type A < 6.5 x 17Pa;
crystal is separated from the glass, fracture occurs
within the crystal. 0-HMX< 7.5 x 107 Pa;

According to Hagan [161, the critical load P, RDX < 4 x 107 Pa.
to cause cracking of a brittle particle by com-
pression is given by:

P. 880(KIClHv)3 KIc (3) 6. Conclusions
The plastic deformation stress of as-grown single

where Klc is the critical stress intensity factor of crystals of a number of explosive materials has
the particle and Hv its Vickers diamond pyramid been successfully determined using a new exper-
hardness. For plane strain conditions, KIc =  imental technique. The experiments involved

[(2-,E)/(l - v. )1l2 where -y is the fracture surface measuring the real area of contact between the test
energy, E the Young's modulus, and v the Poisson's crystal and a transparent glass plate pressed
ratio. The critical calculated loads to cause crack- together with a given normal load. The deforma-
ing are shown in Table Ill. tion stress was found to increase with load, reach-

It will be seen from Table Ill that the crystals ing a plateau at higher loads. It was discussed
of PbN 6, RDX and KCI should crack at the loads whether the plastic deformation stress of a particle
used in these experiments. It was pointed out approaches its uniaxial yield stress at low normal
above that the deformation pressures of the various loads; estimates of the limiting values of the uni.
crystals are considerably smaller than their Vickers axial yield stress of the explosive crystals have
hardness values (Table I1). Therefore, if we use the been given.
maximum deformation pressures in Equation 3 in I
place of Hv, the predicted loads will be markedly Acknowledgements
higher, though both lead azide and RDX will still The author should like to thank Drs J. T. Hagan

crack, but not KC1, for the loads employed here. and E. H. Yoffe for comments on the manuscript,
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of the explosive crystals did not show any crack- crystals, and Dr J. E. Field and Mr S. J. P. Palmer
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